We investigated the spectral and temporal characteristics of blue-violet femtosecond optical pulses generated by a passively mode-locked GaInN laser diode in a dispersion-compensated external cavity. The output optical pulses at 400 nm were analyzed in detail by intensity auto-and cross-correlation measurements using second harmonic generation on the surface of a β-BaB2O4 crystal. The obtained results clarified wavelength-dependent chirp characteristics of the optical pulses. The analysis suggested that a large frequency shift due to saturation in the saturable absorber and gain sections played an important role in the generation of femtosecond optical pulses.
Introduction
Ultrashort optical pulses are now widely applied in many fields of science and engineering. The high peak intensity of ultrashort optical pulses induces nonlinear optical effects, such as two-photon absorption, which enable the imaging of the three-dimensional structures of biological tissue [1] .
OPEN ACCESS
Ultrashort duration of these optical pulses allows material processing while avoiding the effects of heat dissipation [2] . These applications are mostly based on commercially available mode-locked solid state or fiber lasers. Semiconductor laser diodes (LDs) offer advantages for generating ultrashort optical pulses due to their broad gain bandwidths. The use of direct electrical excitation allows the fabrication of compact and practical ultrashort laser pulse sources [3] . In particular, GaN-based semiconductors have a unique property, to generate photons in the blue-violet region [4, 5] . This is a great advantage of nitride semiconductors since most solid state lasers require wavelength conversion in order to generate ultrashort optical pulses in this wavelength region.
We previously developed a blue-violet picosecond pulse laser, based on a GaN-based semiconductor LD [6] . Using a master oscillator power amplifier scheme, we succeeded in generating picosecond optical pluses of 2.2 nJ pulse energy [7] . The peak power was about 630 W, which is the highest so far reported for GaN-based LDs. The pulse energy is comparable to that of blue-violet optical pulses produced by frequency-doubled mode-locked Ti:Sapphire lasers.
In addition to developing a high power GaInN semiconductor optical amplifier (SOA), shortening the pulse duration is important for obtaining high-peak-power optical pulses, because the pulse energy available from SOAs is limited by the finite carrier lifetime. However, sub-picosecond optical pulses cannot be routinely generated using mode-locked semiconductor laser diodes (MLLDs). This is due to the strong coupling of the real and imaginary parts of the refractive index in the gain section of semiconductor LDs. In order to avoid this problem, a bisectional laser diode (BS-LD) using a quantum dot active layer was used to generate 390-fs optical pulses [8] . Intracavity dispersion compensation is another technique for reducing chirp in optical pulses from MLLDs. The use of MLLDs with dispersion-compensated external cavities was reported to increase the spectral bandwidth, but not to reduce the pulse duration. In these reports, femtosecond optical pulses were finally obtained only by compressing the optical pulses using dispersion-compensating optics [9] .
Previously, we reported the generation of 200-fs optical pulses at 400 nm using a GaInN BS-LD in a dispersion-compensated external cavity, followed by spectral filtering [10, 11] . With a negative intracavity group velocity dispersion (GVD), the output spectrum was broadened and optical pulses with a duration of 200 fs were produced by subsequent spectral filtering. There were three aspects of this situation that differed from previous reports of ultrashort pulse generation using dispersion-compensated MLLDs. First, ultrashort pulses close to the Fourier transform limit were obtained by spectral filtering. Second, the intracavity GVD was negative. Finally, the recovery time for the saturable absorber (SA) was as slow as 15 ps with a reverse bias voltage of 6 V [12] . These experimental conditions were similar to those for soliton mode locking with a slow SA [13] . However, in order to explain the femtosecond pulse generation mechanism in a GaInN MLLD in terms of soliton mode locking, it would be necessary for self-phase modulation to occur in order to balance the intracavity GVD. Furthermore, the theory of soliton mode locking cannot explain the shape of the optical pulses or the spectra of the GaInN MLLD before spectral filtering.
In the present study, we examined the temporal and spectral characteristics of optical pulses produced by a dispersion-compensated GaInN MLLD in order to clarify the pulse formation mechanism. For this purpose, we developed a cross-correlation measurement technique using second-harmonic generation (SHG) at the surface of a β-BaB2O4 (β-BBO) crystal. The remainder of this manuscript is organized as follows. Section 2 describes the experimental setup used in this study. Section 3.1 reviews the results for femtosecond pulse generation by a GaInN MLLD in a dispersion-compensated external cavity. In Section 3.2, cross-correlation measurements are presented to clarify the true pulse shape and the spectro-temporal characteristics of the optical pulses. The results of the spectrally-resolved autocorrelation measurement are discussed in Section 3.3, in order to investigate the spectrally dependent chirp characteristics of the output optical pulses. On the basis of these experimental results, possible nonlinear optical effects responsible for pulse generation in GaInN MLLDs are discussed in Section 3.4. Figure 1 shows the experimental setup used in the present study [10, 11] . A double-quantum-well GaInN BS-LD was operated in a dispersion-compensated external cavity under passive mode locking. The epitaxial structure of the device has previously been reported [14] . The p-electrode of the BS-LD had a gain section and an SA section. The device length was 600 μm and the SA length was 30 μm. The SA section was on the rear end of the device, and its facet had a high-reflection coating. The ridge waveguide was curved towards the output facet, which had an anti-reflection coating. The optical axis of the curved waveguide was slightly inclined with respect to the facet in order to reduce residual reflection. The external cavity had 4-f type dispersion-compensation optics, consisting of a diffraction grating (2400 grooves/mm) and a Fourier lens (f = 100 mm). An optical cavity was formed between the rear facet of the GaInN BS-LD and a folding mirror in the dispersion-compensation optics. The output optical pulses were characterized using an optical spectrum analyzer (ANDO AQ-6315A), a microwave spectrum analyzer (Agilent, 8562EC) with fast photodiodes (NewFocus 1004, Thorlabs SV2), and a laboratory-made intensity autocorrelation measurement system [15] . This was based on SHG at the surface of a β-BBO crystal, because phase-matched SHG cannot be achieved at 400 nm using commercially-available nonlinear optical crystals. Since the conversion efficiency of the surface SHG was as low as 10
Experimental Section
with an input power of mW-order, frequency-resolved optical gating was not a practical means of characterizing the chirp characteristics of the output pulses.
Results and Discussion

Blue-Violet Femtosecond Pulse Generation by a GaInN MLLD
By varying the intracavity GVD, the ultrashort optical pulses from the GaInN MLLD changed drastically [10, 11] . A typical intensity autocorrelation trace for output optical pulses from the MLLD with a negative intracavity GVD is shown as the blue trace in Figure 2a . The gain current was 140 mA and the reverse bias voltage applied to the SA section was 6.0 V. The average output power was about 12 mW and the pulse repetition rate was about 1 GHz. The intracavity GVD was estimated to be −0.058 ps 2 using the geometrical parameters of the dispersion-compensation optics. The blue trace in Figure 2b shows the corresponding optical spectrum. As reported previously, femtosecond optical pulses were obtained by extracting the short wavelength components of the optical spectrum. Figure 2a also shows an intensity autocorrelation trace for the optical pulses after the bandpass (BPF) filter (red trace). The spectral bandwidth of the BPF was 1.3 nm and the output beam was passed through the BPF twice in order to suppress the intense spectral components at longer wavelength. The resulting spectral width was 0.8 nm and the pulse duration was 210 fs, assuming a sech 2 function pulse shape. The time-bandwidth product was estimated to be 0.35, close to that of a Fourier transform limited pulse. The shortest pulse duration of 200 fs was obtained using another BPF of different spectral width [10] . The spectral components at the short wavelength edge of the optical spectrum were almost free from chirp. The average power after the BPF was about 0.8 mW. The pulse peak power was estimated to be about 4 W. The femtosecond pulse components were less than 10% of the total output power of the GaInN MLLD. 
Cross-Correlation Measurements of the Optical Pulses from a GaInN MLLD
The autocorrelation trace in Figure 2a shows that the output optical pulses from the GaInN MLLD without spectral filtering cannot be reproduced using either sech 2 or Gaussian function. The fact that the corresponding optical spectrum shown in Figure 2b is highly asymmetric suggests that the pulse shape was asymmetric in time. However, the intensity autocorrelation measurement provides only a symmetric time trace. In order to investigate the pulse characteristics, we used a cross-correlation technique. Since the femtosecond optical pulses were obtained by extracting the short wavelength edge of the optical spectrum, we can obtain cross-correlation signals between the direct optical output from the MLLD and the femtosecond optical pulses by inserting a BPF into one of the arms of the Michelson interferometer in the intensity autocorrelation setup, as shown in Figure 3a [10] . Figure 3b shows an example of cross correlation of the output optical pulses. The leading edge of the optical pulse is as steep as a few hundred femtoseconds while the trailing edge shows exponential decay on a picosecond scale. This cross-correlation trace is consistent with the intensity autocorrelation trace without spectral filtering shown in Figure 2a . We carried out further cross-correlation measurements in order to determine the time delay between spectral components at different wavelengths. We inserted another BPF into the other interferometer arm for this purpose, as shown in Figure 4a . The incidence angle for one BPF was fixed to pass a spectral component at a particular wavelength, whereas that for the other BPF was varied to extract spectral components at different wavelengths. Figure 4b shows the spectral components used for the cross-correlation analysis. These spectra were measured by introducing the optical pulses before the β-BBO crystal into the optical spectrum analyzer. Figure 4c shows the cross correlation between the spectral component at 402.3 nm and those at other wavelengths.
The peaks in the cross-correlation traces are seen to be more delayed and the traces become broader as the wavelength increases. The peak intensity of the traces slightly increases from 402.3 nm to 403.0 nm with the increase in the corresponding spectral components because the cross-correlation traces are not much broadened. For the spectral components longer than 403.3 nm, however, the peak intensity of the cross-correlation traces decreases despite the increase in the intensity of the corresponding spectral components. This is due to the broadening of the cross-correlation traces. Figure 5 shows the time delay of the cross-correlation peaks as a function of the wavelength. The dashed line in the figure represents the group delay due to the intracavity dispersion-compensation optics. The time delay of the cross-correlation peaks is mainly determined by the intracavity GVD. Thus, the exponential decay of the trailing edge of the optical pulses can be attributed to the time delay and to pulse broadening of the spectral components at longer wavelengths. 
Spectrally-Resolved Intensity Autocorrelation Measurements
The cross-correlation results show that the picosecond-order exponential decay of the optical pulses can be attributed to the group delay due to the dispersion compensation optics, and to pulse broadening. However, the broadening of the cross-correlation trace cannot be explained only by the effects of the dispersion-compensation optics. Thus, we measured intensity autocorrelations for different spectral components with a spectral bandwidth narrower than that in our previous report [11] . Figure 6 shows optical spectra measured after the BPF, where the different transmission wavelength was changed by varying the incidence angle. The figure also shows the corresponding autocorrelation traces. As the cross-correlation traces in Figure 4c become broader with the increase in the wavelength, the pulse duration in Figure 6b increases with increasing transmission wavelength. The typical peak power of the optical pulses after the BPF was about 1.2 W at 398.8 nm, 3.0 W at 400.3 nm and 3.0 W at 401.0 nm. The resulting time-bandwidth product is plotted in Figure 7 as a function of wavelength. At wavelengths of about 399-400 nm, the time-bandwidth product is about 0.4, close to the Fourier-transform limited value, but it increases rapidly at wavelengths longer than 400 nm. The femtosecond optical pulses shown in Figure 2a obtained by spectral filtering correspond to the spectral region with the minimum time-bandwidth products. Figure 7 . Time-bandwidth product of the optical pulses shown in Figure 6 as a function of the peak wavelength of the spectral components. Gray trace: the entire spectrum after the GaInN MLLD without the BPF.
Discussions
The time-bandwidth products in Figure 7 show that in the short wavelength region of the optical spectrum, there is a balance between optical nonlinearity and the negative intracavity GVD. In semiconductors, nonlinear optical effects are associated with photons with energies either below or above the band-gap energy. The former are instantaneous nonlinearities such as the Kerr effect. In semiconductor laser diodes, the cladding layers are transparent at the lasing wavelength so that the Kerr nonlinearity can occur. However, the nonlinear refractive index of GaN for photons with energies just below the band-gap energy has been reported to be large but negative [16] . This is due to the large two-photon absorption coefficient for photons close to the band-gap energy [17] . Therefore, a negative nonlinear refractive index is expected in the cladding layers, so that we consider that the instantaneous optical nonlinearity cannot balance the negative intracavity GVD in the GaInN MLLD.
The other type of optical nonlinearity to be considered is saturation in the GaInN BS-LD. In the SA and gain sections, saturation leads to the opposite sign of change in the refractive index. In the gain section, the refractive index increases with decreasing carrier density during pulse propagation. In contrast, in the SA section, the refractive index decreases as the absorption saturates [18] . Because the frequency shift increases with the degree of absorption saturation [19] , this can balance the negative intracavity GVD. In the model of the saturation dynamics [19] , the nonzero phase-relaxation time of the SA, T2, was not included assuming that pulse durations were longer than T2. The carrier-carrier scattering time in GaN is reported to be less than 15 fs [20] , so that the saturation dynamics in the SA can be applied to explain the frequency shift. From Figure 7 , the width of the spectral region with the minimum time-bandwidth product is as large as about 2 THz. Since the absorption coefficient for the GaInN active layer has been reported to be larger than that for other semiconductors, the large frequency shift can be inherent to GaN-based materials [12] .
After the steep leading edge is formed, the gain saturation can mainly contribute to the trailing edge of the optical pulses. Since gain saturation is accompanied by carrier depletion, the refractive index increases. The temporal change in the gain is characterized by the carrier lifetime and the carrier depletion due to the stimulated emission [21] . The optical pulses from the GaInN MLLD are considered to be much shorter than the sub-ns carrier lifetime, so that the trailing edge is formed by the spectral components that are red-shifted due to the gain saturation and are delayed due to the negative intracavity GVD. This can be a reason why the peak position in Figure 5 follows the time delay of the dispersion compensation optics. Temporal-broadening of the spectral components is more significant at longer wavelengths, as shown in Figure 6 , due to the accumulation of these effects. This broadening behavior can also explain the asymmetric shape of the optical spectrum in Figure 2b . The spectrally-resolved autocorrelation traces in Figure 6 do not show coherence spikes, so the entire spectrum is coherent. This is consistent with the signal-to-noise ratio of greater than 60 dB for the RF spectrum shown in Figure 4b of Reference [10] .
In our previous reports, we speculated that the femtosecond pulse generation mechanism involved soliton mode-locking, because the femtosecond optical pulses were produced by a GaInN MLLD with a negative intracavity GVD and an SA with slow absorption recovery [10, 11] . Based on the above analysis, pulse formation in a dispersion-compensated GaInN MLLD can be explained in terms of the saturation dynamics of the gain and SA section in the GaInN BS-LD. Thus, a soliton-like pulse formation mechanism may be involved due to the upward frequency shift of the SA. Paschotta et al. reported pulse formation due to soliton-like mode locking in an external-cavity surface-emitting semiconductor laser [22] . They considered the positive intracavity dispersion and nonlinear changes in the refractive index of the gain medium and the SA. In the case of a GaInN MLLD, the pulse formation mechanism is similar, but absorption saturation can be the dominant cause of the frequency shift that balances the negative intracavity GVD. The large saturation effects in the SA and gain sections are associated with the high density of states in GaN-based semiconductors.
Conclusions
In conclusion, we investigated the temporal characteristics of blue-violet optical pulses from a dispersion-compensated GaInN MLLD using spectrally-resolved intensity auto-and cross-correlation measurement techniques. Based on the results, the chirp characteristics of the different spectral components were categorized in time and wavelength axes. The less-chirped pulse components in the short wavelength region consisted of the pulse leading edge and the chirp-increasing components were attributed to the spectral components at longer wavelengths that formed the trailing edge of the optical pulses. These different behaviors can be, respectively, explained by saturation effects in the SA and gain sections. In particular, a strong saturation effect in the SA section can compensate a negative intracavity GVD resulting in the formation of femtosecond optical pulses. These strong saturation effects were due to the large density of state in nitride semiconductors. These saturation dynamics are therefore important for further development of ultrashort pulse lasers based on nitride semiconductors.
